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ABSTRACT
Comparing the use of qPCR on smallmouth bass (Micropterus dolomieu) and
rainbow trout (Oncorhynchus mykiss) hepatocytes for estrogen screening

Emily B. Chambers
Exposure of fish to estrogenic endocrine disrupting chemicals (EEDCs) is believed to be
a contributing factor of intersex (the presence of immature oocytes in the testes) and fish
kills in the Potomac and Shenandoah Rivers. EEDCs are often seen in the effluent of
wastewater treatment plants. A simple and common way to look at the estrogenicity of
water samples is to deploy Passive Organic Chemical Integrative Samplers (POCIS) and
extract the hydrophilic compounds from the filters with methanol. Samplers were
deployed upstream and downstream of two wastewater treatment plants, one on the
Conococheague River and one on the Monocacy River, both of which are in Maryland.
For comparison purposes, one POCIS was deployed in Blue Plains, just outside of
Washington, D.C. and one POCIS was deployed at a control site in a closed pond at the
National Fish Health Research Laboratory in Kearneysville, WV. Primary hepatocytes
from rainbow trout (Oncorhynchus mykiss) and smallmouth bass (Micropterus dolomieu)
were isolated to compare vitellogenin induction upon exposure to 17-β estradiol.
Smallmouth bass hepatocytes yielded low concentrations of RNA and qPCR was
unsuccessful. Male rainbow trout showed low vitellogenin induction levels at high
concentrations of 17-β estradiol and no induction at low concentrations. Female rainbow
trout hepatocytes showed vitellogenin induction during exposure to 17-β estradiol at high
and low concentrations. Rainbow trout hepatocytes were used to screen for estrogenic
compounds from the extracts of the deployed water samplers also using vitellogenin
induction as an endpoint. Male rainbow trout hepatocytes showed no vitellogenin
induction. Female rainbow trout hepatocytes exposed to samples showed no statistically
significant differences in vitellogenin induction.
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Introduction
The study of estrogenic endocrine disrupting chemicals (EEDCs) as an
emerging contaminant in waterways is gaining recognition, not only in the research
field but also in the public eye (Jobling and Tyler, 2003). EEDCs are found in urban
and rural waterways, and possible sources include agricultural runoff and wastewater
treatment plant effluent among others. These compounds are from a family of
chemicals including both synthetic and natural substances that are able to mimic,
inhibit, or amplify the actions of the normal estrogens involved in cellular signaling
for the endocrine system (Arcand-Hoy et al., 1998).
Natural estrogens are a family of three steroid hormones found in females of
all vertebrate species: estriol, estradiol, and estrone, and they are known to stimulate
the estrous cycle (Tribe and Eraut, 1979). These compounds are primarily secreted by
the ovary and bind to estrogen receptors found throughout the body to allow for
normal endocrine system actions. Estrogen synthesis in the ovary occurs through a
biofeedback mechanism called the hypothalamus-pituitary-gonadal axis (HPG). The
HPG axis of teleost fishes is, in general, similar to that found in other oviparous
vertebrates. The principal components of the axis include the hypothalamus and the
pituitary gland in the brain, the gonads (ovaries, in this case), and the liver. The
initiation of the hormonal fluctuations that are responsible for maturation and
spawning in fish are in response to environmental stimuli, such as the seasonal
changing pattern of day length, and rise in water temperature, and internal stimuli,
such as nutritional status and endogenous rhythms. When conditions are right,
neurosecretory cells of the hypothalamus begin to produce and release gonadotropin-
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releasing hormone (GnRH). Once GnRH is secreted and passed down neuronal
connections between the hypothalamus and pituitary, it acts to stimulate the
gonadotropic cells to secrete gonadotropin hormone (GTH) and growth hormone
(GH) into the bloodstream. Through the bloodstream, GTH and GH reach gonadal
tissues and bind with specific receptors on the ovary. The binding of these hormones
to their receptors leads to increased production and secretion of sex steroid estrogen
(Jobling, 1995). Estrogen-mediated receptors (ER) have been found in the kidney,
intestine, liver, gonads, and heart of fish species (Anglade et al., 1994; Munoz-Cueto
et al., 1999; Soccorro et al., 2000; Tan et al., 1996; Tchoudakova et al., 1999). There
are two definitively known estrogen receptors in fish: ERα and ERβ. The ERs have
been characterized in several teleost fish, including rainbow trout (Oncorhynchus
mykiss) (Pakdel et al., 1990), tilapia (Oreochromis aureus) (Tan et al., 1995), channel
catfish (Ictalurus punctatus) (Xia et al., 1999), gilthead seabream (Sparus aurata)
(Munoz-Cueto et al., 1999; Socorro et al., 2000) and goldfish (Carassius auratus)
(Tchoudakova et al., 1999). Once estrogens in the bloodstream bind to estrogen
receptors on the liver, vitellogenin is synthesized within the liver and transported by
blood to the ovary where it is taken up by oocytes, cleaved into the final egg-yolk
proteins (lipovitellin and phosvitin) and deposited as yolk granules or platelets
(Wallace, 1978). Vitellogenin, a glycolipophosphoprotein that is the precursor protein
for egg yolk, is typically dormant in male fish, but upon exposure to estrogens or
estrogen mimics it can be induced and expressed. The expression of vitellogenin (vtg)
in male fish is known to be a common biomarker indicating exposure to EEDCs
(Cheek et al., 2001; Sumpter and Jobling, 1995).
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The list of EEDCs is numerous and includes natural and synthetic hormones
as well as organochlorines, polycyclic aromatic hydrocarbons, dioxins, byproducts of
plastic manufacturing, heavy metals, etc. (Arcand-Hoy et al., 1998). Wildlife
exposure to endocrine-disrupting chemicals in the environment has also been
associated with reduced fertility in fish (Leatherland, 1992), shellfish (Gibbs et al.,
1988), and mammals (Reijnders, 1986); abnormal thyroid function in birds (Moccia
et al., 1986) and fish (Moccia et al., 1981); decreased hatching success in birds
(Kubiak et al., 1989), fish (Mac et al., 1988) and turtles (Bishop et al., 1991);
demasculinization and feminization of male fish (Munkittrick et al., 1991), birds (Fry
and Toone, 1981); defeminization and masculinization of female fish (Davis and
Bortone, 1992), gastropods (Ellis and Pattisina, 1990), and birds (Fry and Toone,
1981); and changes in immune function in birds (Erdman, 1988) and mammals
(Martineau et al., 1988). In the Potomac River and nearby drainages endocrine
disruptors have been linked to intersex, which is defined as the presence of both male
and female characteristics in an organism that is known to be exclusively male or
female, or gonochoristic (Blazer et al., 2007).
In addition to intersex, it has also been proposed that EEDCs are linked to fish
kills in the Potomac River watershed (Blazer et al., 2007). After intersex was first
described in smallmouth bass in the Potomac River in 2001, fish kills and skin lesions
were seen on a number of fish species, including smallmouth bass, observed in the
South Branch of the Potomac River in the summer and fall of 2002. It is believed that
EEDCs are not a direct causative agent for fish kills, but that fish exposure to EEDCs
is a stressor, thereby leaving the fish more susceptible to disease (Dunier, 1997).
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The families of compounds and chemicals already identified as EEDCs have
chemical structures that are not only vastly different from each other, but can also be
vastly different from the natural estrogens whose pathways they are disrupting.
Structurally, estrogens are composed of three aromatic rings, but there is such a lack
of structural similarity between normal estrogens and EEDCs that it is very difficult
to pinpoint any structural trends of the chemicals that are causing problems. As more
EEDCs are being identified, it is being realized that the list of chemicals is extensive
and numerous. With this realization, current research is limited because there are
many EEDCs, and trying to discern their potential interactions is difficult. There are
multiple tissues that have estrogen receptors associated with them, so the effects of
EEDCs within the pathways of the endocrine system are unknown (Larsson et al.,
1998). Knowing that EEDCs have such convoluted reaction possibilities, it is easier
to detect the estrogenic potential of single chemicals or mixtures rather than exactly
determine their mechanisms of actions, chemical interactions, and target tissues.
Thus, detecting estrogenicity in water samples is an important assay in determining if
fish have been exposed to EEDCs.
Accepted ways to biologically measure estrogen or EEDC exposure in fish
include both in vivo and in vitro assays designed to detect the presence or induction of
the vitellogenin gene. One of the most widely accepted in vitro methods is to use
primary hepatocyte cultures from fish. The parenchymal liver cell, or hepatocyte,
represents about 60-65% of the cells in the liver, but because of their size they occupy
about 80% of the volume of the organ (Berry et al., 1991; Hampton et al., 1989). The
isolation of liver cells was first described by Berry and Friend (1969). Hepatocytes
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are ideal metabolic systems because they retain in vitro many of their differentiated in
vivo characteristics (Pessonen and Andersson, 1997). Primary cultured fish
hepatocytes were first isolated by Klaunig et al., (1985) and were first used to
measure vitellogenin induction by Maitre et al. (1986). Vitellogenin induction has
been seen in hepatocyte mRNA at concentrations as low as 10-9 M (Valliant et al.,
1988).
Quantitative polymerase chain reaction (qPCR), also known as real-time PCR,
is a highly sensitive in vitro method of detecting the induction of genes rather than a
final protein product of the gene that has been induced (Bustin, 2000). Total
ribonucleic acid (RNA) is extracted from cells or tissues and reverse transcriptase
PCR is used to convert the RNA into circular deoxyribonucleic acid (cDNA). The
primers anneal to the cDNA, or the complementary sequence of DNA, specific to the
gene to be detected, and the primers allow for that sequence of DNA to be extended
and amplified. When genes are amplified in qPCR there are two distinct methods for
detecting this: the first being that primers tagged with a fluorophore will fluoresce
when incorporated with its complementary strand of DNA and the second being that a
dye included in the reaction will non-specifically intercalate with any double stranded
DNA. In both methods, the amount of fluorescence directly correlates with the
abundance of the specific genes being detected (Orlando et al., 1998). Once the
fluorescence reaches a certain threshold, the thermocycler detects this and the
increase in DNA product is used to determine the cycle threshold (CT). Since PCR is
typically run for 40 cycles, any CT above 35 is generally considered non-specific
binding of primers and product that shows up at this threshold is not used in analysis
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(Rasmussen et al., 1998). The technique measures a “house-keeping” gene, such as
18s, and target genes, such as vitellogenin. House-keeping genes are used as an
internal standard because these genes are constitutively expressed over the life of the
cell and are unaffected by any experimental conditions (Thellin et al., 1999). For
example, 18s, a common house-keeping gene, is the small ribosomal subunit in a cell
responsible for combining with the 28s subunit in order to translate mRNA into
proteins. It is abundant and present in all eukaryotic cells. The target gene is the gene
of interest in the experiment. Since vitellogenin is a common biomarker for estrogen
exposure, it is an appropriate target gene for detecting and measuring the relative
estrogenicity of chemicals or chemical mixtures (Cheek et al., 2001; Sumpter and
Jobling, 1995).
Rainbow trout is an established, commonly used species for hepatocyte
isolation for estrogen screening because they are easy to maintain in tanks, and the
isolation of hepatocytes is simple and straightforward. However, rainbow trout have
not yet been seen in the fish kills reported in West Virginia and Virginia, while
smallmouth bass (Micropterus dolomieu) have been found in these fish kills.
Smallmouth bass are also identified as having intersex: as much as 100% at some
sites along the South Branch Potomac, Shenandoah, and out-of-basin sites (V. Blazer
et al., 2007). It follows that smallmouth bass should be investigated as potential
sources for hepatocyte culture, because they are affected with intersex and seen in
fish kills in this area.
The polar organic chemical integrative sampler (POCIS) is a common passive
sampler for the detection of estrogenic compounds in rivers (Alvarez et al., 2004). It
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was first patented in 2002 by the United States Geological Survey (USGS). The
sampler is deployed in a light-deprived area with a steady flow of water where it can
remain completely submerged. POCIS is used to collect samples of water-soluble
(polar or hydrophilic) organic chemicals. The sampler is set up to mimic the
respiratory exposure of aquatic organisms, using a chamber between two porous
membranes which traps the chemicals. By deploying the sampler and leaving it for a
predetermined number of days, the time-weighted average concentrations of
compounds can be calculated. The main benefit of this sampling technique is that it
mimics the organisms without having to take into account any additional stressors,
such as predator presence or spawning, which could alter the reliability of
biomonitoring practices. Additionally, it allows for the detection of trace amounts of
contaminants because it can be deployed for long periods of time mimicking
bioaccumulation, which would be difficult with grab sampling. Wastewater treatment
plants (WWTPs) are especially suspect in their contribution to EEDC contamination
because they are unable to remove EEDCs from the treated water, thereby releasing
these chemicals in their effluent. The expense involved in using activated charcoal
filtration, which still would not be able to completely resolve the release of EEDCs, is
cost-prohibitive. Estrogens and xenoestrogens have been detected in WWTP effluent
from various countries across the world at environmentally relevant concentrations
(Belfroid et al., 1999; Desbrow et al., 1998; Ternes et al., 1999).
A quick, easy and inexpensive method to perform a preliminary screen for
estrogenicity is to use an estrogen-inducible bioluminescent yeast assay (BLYES). A
strain of Saccharomyces cerevisiae was inserted with estrogen response elements and
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a luciferase gene, so that when the yeast is exposed to estrogen or EEDCs it
fluoresces and can be read on a fluorescent plate reader (Sanseverino et al., 2005).
Alvarez et al. (2009) used the BLYES assay to detect estrogenicity in the POCIS
samples (Table 1) used in this study.
The specific objectives of this proposal were: 1) determination of the viability
and quality of isolated smallmouth bass hepatocytes using established rainbow trout
hepatocyte isolation techniques and selecting a medium in which to culture
smallmouth bass hepatocytes for in vitro estrogen screening (Morphology and
Viability experiment), 2) validating the use of smallmouth bass hepatocytes for in
vitro estrogen screening and comparing their differential sensitivities to rainbow trout
hepatocytes with known physiological concentrations of estrogen (Kinetics
experiment), and 3) measurement of the level of estrogenicity of polar organic
chemical integrative sampler extracts from sites on the Conococheague Creek and
Monocacy River in Maryland, in Blue Plains, Washington, D.C., and at Leetown
Science Center in Kearneysville, West Virginia (POCIS experiment), using
vitellogenin induction as an endpoint.
Materials and Methods
POCIS deployment sites and extractions
POCIS deployment, extractions and analysis were all completed by Alvarez et
al. (2009). For this experiment, POCIS were deployed in Conococheague Creek in
Maryland, just upstream (in 2005, 2006) and downstream (in 2005, 2006) of the
Conococheague Wastewater Treatment Plant (WWTP), in the Monocacy River in
Maryland, just upstream (in 2005) and downstream (in 2005, 2006) of the Frederick
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WWTP, in Blue Plains, Washington D.C. (in 2005, a control), and in one of the
closed ponds at USGS Leetown Science Center National Fish Health Research
Laboratory (NFHRL) in Kearneysville, West Virginia (in 2006, a control; Fig. 1). The
sites were selected based on their proximity to WWTP effluent. In 2005, the first set
of POCIS were deployed for 31 days during the months of September and October
and in 2006, a second set of POCIS were deployed for 49 days during April and May.
The downstream sites were located immediately downstream of the WWTP
discharges. Conococheague Creek is a 911km2 watershed and has land use that is
agricultural (61%) and forested (34%), with minor urban influence (5%). The
Monocacy River has a drainage area of 1,927km2 and the land use of the Monocacy
watershed is similar to the Conococheague watershed in that it is 60% agricultural,
33% forested, and 7% urban. In Washington, DC, the Blue Plains WWTP is the
largest plant in the Potomac River watershed. The NFHRL reference site was a
research pond with no WWTP input. This pond does receive surface water from other
research ponds at the facility and therefore may be susceptible to chemical input from
surface runoff and transport from nearby farms.
Extractions from the POCIS membranes were performed by Alvarez et al.,
(2009) using 50 ml of 1:1:8 (v/v/v) methanol:toluene:dichloromethane, followed by
20 ml of ethyl acetate. The extracts were evaporated, filtered, and combined into
equal volume samples. Each class of chemical was separated from the entire extract
volume. Organic wastewater chemicals were analyzed and identified by Agilent 6890
gas chromatograph (GC; Agilent Technologies, Santa Clara, CA) coupled to a 5973N
mass-selective detector (MSD; Agilent Technologies, Santa Clara, CA). Agricultural
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pesticides were fractionated by size exclusion chromatography (SEC) and identified
also using the previously described GC-MSD. For hormone analysis, the extracts
were fractionated by SEC, fractionated again by adsorption chromatography, and then
half of the sample was analyzed using a Hewlett-Packard 1090 Series II liquid
chromatograph with a diode-array detector via high performance liquid
chromatography (Agilent Technologies, Santa Clara, CA) and the other half was
analyzed by the previously described GC-MSD.
Fish handling and storage
Smallmouth bass (150-600mm) were held in the closed ponds at the USGS
Leetown Science Center NFHRL in Kearneysville, WV and were fed minnows from
a stocked minnow pond. The bass came from the South Branch of the Potomac River
and were kindly provided by Jim Hedrick of the West Virginia Department of Natural
Resources. Female rainbow trout (150-400mm) were held in green, circular 2000 liter
tanks (15 ± 1 C) and photoperiod was maintained at 12h:12h, light:dark cycle. Male
rainbow trout (400-750mm) were held in green, circular 1500 liter tanks (15 ± 1 C).
All rainbow trout were received from Jim Everson at the USDA National Center for
Cool and Cold Water Aquaculture. Rainbow trout were fed 5mm pelleted, nonfloating feed (Zeigler, Gardners, PA). Water quality parameters including dissolved
oxygen, pH, and temperature were measured prior to experiments in the event of
fluctuations in these parameters and weekly throughout the experiment. The fish were
fed daily and acclimatized to their surroundings for a minimum of 4 weeks prior to
euthanasia as described below.
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Fish hepatocyte isolation
Hepatocytes were isolated from both rainbow trout and smallmouth bass for
estrogen screening. Rainbow trout and smallmouth bass were euthanized using
Finquel® tricaine methanesulfonate (MS-222), placed in a sterile hood, and sprayed
with 70% isopropanol. The fish were opened aseptically and the liver removed to a
sterile Petri dish. A 10cc syringe filled with a calcium-free phosphate buffered saline
solution (CFPBS) (pH 7.4, 142 mM NaCl, 5.4 mM KCl, 0.42 mM Na2HPO4, 0.44
mM KH2PO4, 0.43 mM NaHCO3, 1 mM L-glutamine), was used to flush the liver in
order to remove red blood cells (RBCs). The liver was massaged with sterile forceps
during the flush which facilitated the removal of RBCs. The liver was moved to a
new sterile Petri dish for a 10 minute direct stick perfusion with Type 2 collagenase
isolated from Clostridium histolyticum (Gibco, Carlsbad, CA) at 17,500 collagen
digestion units (CDU)/20ml of CFPBS, and the liver was massaged after five minutes
to ensure the collagenase moved through the liver adequately. When the liver started
to break up, a sterile number 10 scalpel was used to dice it into small pieces. The
solution was then pushed through a 3cc syringe to break up the liver even further and
then the solution was allowed to digest in the collagenase for 10 more minutes and
the solution was again flushed through the 3cc syringe. Digested liver was passed
through 310um and 70um nylon mesh consecutively, using a calcium-containing
phosphate buffered saline solution (CCPBS) (pH 7.4, 142 mM NaCl, 5.4 mM KCl,
0.42 mM Na2HPO4, 0.44 mM KH2PO4, 0.43 mM NaHCO3, 2.4mM CaCl), to wash
the Petri dish and filters, while cells were gently pushed through the larger mesh with
the syringe plunger. The solution was centrifuged at 50g for 5 minutes at 4 C and the
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cells were resuspended in three types of phenol-red free media: Williams’ Medium E
(Sigma-Aldrich, St. Louis, MO), Opti-Mem (Gibco, Carlsbad, CA), L-15 (Gibco,
Carlsbad, CA). The cells were counted using a hemacytometer, and plated at 1 x 105
cells per well in clear flat-bottomed 96-well sterile tissue culture plates. Rainbow
trout hepatocytes were cultured in air at 15 C, which was the temperature the fish
were maintained at in their tanks, while smallmouth bass were cultured in air at 19 C,
which was the temperature of the water the day they were collected from the South
Branch of the Potomac River.
In vitro exposures
Cells were isolated as above and plated in clear flat-bottomed, 96-well sterile
tissue culture plates. This was done twice: once for the kinetics assay for a three day
period in trout and a seven day period for smallmouth bass, and once for the POCIS
assay for three days in rainbow trout. For the kinetics assay, hepatocytes were
exposed to 0nM, 1.2nM, and 12nM of E2 that were included on each plate in
triplicate. The plates were cultured in air at their respective temperatures over the
days of the experiments. First, the kinetics assay was performed on rainbow trout
hepatocytes to ensure the assay worked. At each 24 hour interval over the three day
period, the supernatant was removed and the cell pellet harvested using 200ul
RNAlater. Harvested cells were frozen at -80ºC until RNA extraction begins. For the
POCIS assay, extracts from the POCIS water samplers were concentrated using a
DNA110-120 SpeedVac Savant (Thermo Scientific, Waltham, MA) and resuspended
in L-15 and 10ul of extract was added to the wells, to give a working concentration of
10%, in triplicate, as well as 0nM and a second significant (low or high)
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concentration of E2 determined above. The cells were kept in culture for 3 days for
rainbow trout. At this time the plates were spun down at 300g for 5 minutes, the
supernatant removed and the cell pellet harvested using 200ul RNAlater. Again,
harvested cells were frozen at -80ºC until RNA extraction began.
Total RNA extraction, cDNA synthesis, and qPCR
RNA was extracted to perform qPCR to measure 18s and vitellogenin
induction in the hepatocytes. Frozen cells stored in RNAlater were thawed on ice.
Using Qiagen RNeasy Mini kit (Qiagen, Valencia, CA), the cells were centrifuged,
the RNAlater supernatant was removed and the pellet were resuspended in 350ul of
RLT buffer. Then 350ul of 70% RNase/DNase-free ethanol was added to the cell
solution. The entire solution (700ul) was pipetted onto an RNeasy spin column and
centrifuged at ≥8,000g for 15 seconds, and flow-through was discarded. A DNase
digestion step was performed next. The first step was repeated using 700ul RW1
buffer pipetted onto the column. Two wash steps were performed using 500ul of RPE
buffer pipetted onto the column and then centrifuged and discarded. Next 30ul of
RNase/DNase-free water was added to elute the RNA off the column into an
RNAse/DNase-free microcentrifuge tube, spinning the tube at ≥8,000g for 1 minute.
The total RNA was quantified using the NanoDrop NC-1000 (NanoDrop,
Wilmington, DE). cDNA synthesis was performed using Applied Biosystems Reverse
Transcription kit (Foster City, CA). To PCR tubes, master mix, prepared for the
cDNA synthesis reaction as indicated in Table 2, was added to tubes, along with
625ng of RNA. The tubes were then brought up to 10µL total volume with nucleasefree water. Samples were centrifuged to the bottom, and placed in the Mastercycler
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thermocycler (Eppendorf, Westbury, NY): first step: 25 C for 10 minutes; second
step: 37 C for 120 minutes; third step: 85 C for 5 seconds and then 4 C until the cycle
was complete and then the samples were stored at -20 C until ready for qPCR.
Applied Biosystems (Foster City, CA) SYBR Green Master mix for Real-time PCR
was prepared as in Table 3. To a 384 well real-time PCR plate, 10 µL of the master
mix was added to the appropriate number of wells along with 1ul of cDNA to each
well. The plate was tapped on the lab bench to mix and remove bubbles and
centrifuged briefly to collect the contents in the bottom of the well. Real-time PCR
was performed on Applied Biosystems Incorporated 7900HT Fast Real-Time PCR
system (Foster City, CA).
Morphology and Viability experiment-Design and Set up
Hepatocytes from two species of fish (smallmouth bass and rainbow trout,
three of each regardless of sex) were isolated as above and plated into 96-well plates
at 1 x 105 cells per well to determine hepatocyte morphology and viability. Rows on
the plates were filled per fish species, and each plate represented a successive 24 hour
exposure. Clear sterile tissue culture plates were used for the media comparison
experiment. In this experiment, three types of media were tested to assess which
media should be used to culture the isolated hepatocytes in the second and third
experiments. On each day of the exposure for seven days, the cells were imaged using
a Canon EOS Digital Rebel T1i EF-S digital camera (Canon, Lake Success, NY) and
then treated with 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) (Sigma-Aldrich, St. Louis, Mo) to assess cell viability. The medium in which
both types of fish cells were viable, morphologically sound, and adhere to the plates
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was used for the second and third experiments. For morphology and viability, the
optimal medium to culture the cells was determined by comparing phenol red-free
Williams’ Medium E (5% charcoal stripped FBS, 2mM L-glutamine, 1X pen-strep,
50mM HEPES), phenol red-free Opti-MEM (5% charcoal stripped FBS, 1X penstrep) and phenol red-free L-15 (5% charcoal stripped FBS, 1X pen-strep). The plated
cells were exposed to media only as the positive control and Triton X-100 as the
negative control (n=4 per treatment per medium). Exposures occurred over 7 days. To
observe morphology, digital pictures were taken of the cells in the plate to record any
changes such as clumping, shrinking, and loss of adherence and then for each time
point, the plate was assessed for viability using MTT, which measured mitochondrial
reductase activity. Ten microliters of 5% stock MTT in the respective media was
added to each well. Cells were replaced in their respective incubators for 2 hours. The
cells with normal cellular activity converted the MTT to its salt form, forming purple
crystals. After two hours, acid isopropanol was added, dissolving the purple crystals,
if formed, and the plate was read on a SpectraMax 250 Microplate Reader at 570nm
and 620nm (background) (Molecular Devices, Winooski, VT). Dark purple coloration
(high optical density [OD] readings) indicates cells that are performing normal
mitochondrial reductase activity and are therefore content in their environment. Light
purple or yellow coloration (low OD readings) indicates cells are not performing
normal enzymatic activity.
Kinetics experiment-Design and Set up
For the kinetics experiment using 17-β estradiol (E2) experiment, hepatocytes
from six males and six females of both smallmouth bass and rainbow trout were
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isolated as above and plated (in clear 96-well plates; per row, one male or female of
each species). Within this experiment, each row of cells was exposed to a media only
control, a vehicle control, and 0nM, 1.2nM, and 12nM of 17-β estradiol, in duplicate.
After exposure, RNA was extracted from each sample, cDNA was synthesized and
qPCR was performed for the 18s gene and the vitellogenin gene respective to each
species.
POCIS experiment-Design and Set up
For the POCIS experiment, hepatocytes from six male and six female rainbow
trout were isolated and plated (in clear 96-well plates, per row, one male or female)
and then were exposed to a media only control and 12nM of 17-β estradiol, in
duplicate and 10% concentrations of each water sampler extract (from sites and years
listed in Table 1), in duplicate. After 3 days exposure, RNA was extracted, cDNA
was synthesized and the samples were analyzed for the 18s gene and the vitellogenin
gene using qPCR.
Statistics
Statistical analysis was performed using Microsoft Office Excel 2003
(Microsoft Corporation, Redmond, WA) and R: A Language and Environment for
Statistical Computing 2009 (R Foundation for Statistical Computing, Vienna,
Austria). For viability data, average sample OD readings were reported in reference to
control OD readings as a percentage increase.
All qPCR data collected was normalized relative to the house-keeping gene
18s. The CTtarget and CTreference were each averaged and then the ratio calculated to
yield the mean normalized gene expression. The average normalized data of the
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kinetics assay was reported as is. The normalized expression data of female trout
exposed to POCIS water extracts were statistically evaluated using a Kruskal-Wallis
nonparametric test (α=0.01) to measure relative abundance of vitellogenin.
Results
Morphology and Viability experiment
Overall, L-15, Opti-MEM, and William’s Medium E were studied with regard
to their ability to support rainbow trout and smallmouth bass hepatocytes for up to
seven days in culture. Cell morphology and viability was judged based on
microscopic examinations and the MTT viability assay, respectively. Results from
this experiment show that viability readings for the rainbow trout positive control on
day one through day five in L-15 were on average 70% higher than the media only
blank. For the negative control, readings were on average 1% higher than the media
only blank. Readings for the rainbow trout positive control in Opti-MEM were on
average 62% higher than the media only blank and the negative control readings
were, on average, 0% higher than the media only blank. Readings for the rainbow
trout positive control in William’s Medium E were, on average, 59% higher than the
media only blank and the negative control readings were 0% higher than the media
only blank. After day five, viability readings decreased by two-fold indicating a
reduction in cell number.
Readings for the smallmouth bass positive control on day one through day 5
in L-15 were on average 36% higher than the media only blank. For the negative
control, readings were on average 2% higher than the media only blank. Readings for
the smallmouth bass positive control in Opti-MEM were on average 28% higher than
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the media only blank and the negative control readings were, on average, 0% higher
than the media only blank. Readings for the smallmouth bass positive control in
William’s Medium E were, on average, 27% higher than the media only blank and the
negative control readings were 0% higher than the media only blank.
Morphologically, there were no distinct differences in the cultures of cells
between the different media. Digital pictures were taken and the cultures were
visually assessed (Figs. 2 and 3). Aggregates were formed identically and adherence
decreased until day five. On days five, six and seven in the smallmouth bass culture,
the cells were free floating and viability readings decreased. From the results of this
experiment, L-15 supported both the rainbow trout and smallmouth bass hepatocyte
isolations, and was chosen as the medium in which to culture the hepatocytes in the
kinetics and POCIS experiments.
Kinetics experiment
For the kinetics experiment, rainbow trout and smallmouth bass hepatocytes
were exposed to two concentrations of 17-β estradiol, a media only negative control,
and a vehicle negative control (methanol). In rainbow trout males and females, the
house-keeping gene 18s showed no significant alterations in mRNA expression levels
between experimental groups. The 18s gene was not affected by the duration time of
culturing (3 days). The range in threshold cycle (CT) values, from 21-34 cycles, is
most likely attributable to the variations of individual fish or the efficiency of cDNA
synthesis and qPCRs. There were no differences in the threshold cycle values
between the media only negative control and the vehicle only negative control,
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therefore, the use of methanol as a vehicle had no adverse affect on the cells while in
culture.
In both smallmouth bass males and females, 18s was not detected in cultures
from days one through five in samples from cells either exposed to 17 β-estradiol or
both negative controls. The media only negative controls did not differ from the
vehicle only negative controls or the 17 β-estradiol exposed cells at any significant
level.
In male and female rainbow trout, vitellogenin, the target gene, was detected
on days 2 and 3, with day three being the peak induction day. In the absence of
exposure to 17 β-estradiol, for rainbow trout males there were no differences in the
threshold cycle values between the negative controls in vitellogenin induction. The
abundance of mRNA was found to be below the level of detection of the qPCR
system. In the absence of exposure to 17 β-estradiol, rainbow trout female
vitellogenin mRNA was found to be at or slightly above the level of qPCR detection.
At high concentrations of 17 β-estradiol (12nM), rainbow trout males had a
4.5-fold increase in vitellogenin induction over the negative controls. The low
concentration (1.2nM) did not cause an increase, so that the vitellogenin levels were
just below the level of detection. At high concentrations, the slight range in threshold
values (CT=27-32 cycles) is likely due to individual fish or the efficiency of cDNA
synthesis and qPCRs. In rainbow trout females, high concentrations of 17 β-estradiol
induced vitellogenin at levels at a 32-fold increase over the negative controls and at
low concentrations vitellogenin was induced at a 12-fold increase over negative
controls. For rainbow trout females at both concentrations, the slight range in
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threshold values (19-23 cycles) is likely due to individual fish or the efficiency of
cDNA synthesis and qPCRs.
In the absence of 17 β-estradiol exposure, smallmouth bass males and females
had no increase in vitellogenin induction over the negative controls. At high
concentrations (12nM) of 17 β-estradiol exposure, smallmouth bass males and
females had no significant differences in vitellogenin induction over negative
controls. Vitellogenin induction was not significantly different from negative controls
in male and female smallmouth bass at low concentrations of 17 β-estradiol (1.2nM).
POCIS experiment
For this experiment, male and female rainbow trout hepatocytes were exposed
to a media only control, a 17-β estradiol control (12nM), and 10% total concentration
of each sample (Table 1). In rainbow trout males and females, 18s, the house-keeping
gene, showed no significant alterations in mRNA expression levels between the
different exposures, and it was not affected by the culture time of 3 days. The range in
threshold cycle values, from 21-34 cycles, is likely attributed to the variations of
individual fish or the efficiency of cDNA synthesis and qPCRs.
Vitellogenin was not induced in male rainbow trout at any level when exposed
to samples (Table 1), however, vitellogenin was induced when exposed to the E2
positive control but at very low levels (CT=37.8). In female rainbow trout,
vitellogenin was induced at low levels in the following samples: POCIS control 2005
(CT=37.8), Upper Conococheague field blank (CT=36.7), Upper Conococheague
POCIS 2005 (CT=36.7), Upper Monocacy POCIS 2006 (CT=34.8), and the Lower
Conococheague field blank 2006 (CT=37). However, the CT for all positive samples
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was at or above 35, indicating non-specific product amplification. The samples from
Table 1 were previously screened for estrogenicity using BLYES and all of the
samples were shown to have estrogenicity. Known estrogenic compounds were found
to be present in the samples by Alvarez et al. (2009), as indicated by chemical
analysis (Table 4). Normalized data from 2005 were compared and no statistically
significant differences were seen from the Kruskal-Wallis nonparametric test (p=0.1;
Fig. 4). Normalized data from 2006 were compared and no statistically significant
differences were seen from the Kruskal-Wallis non parametric test (p=0.03; Fig. 5).
In addition the CT indicates that qPCR did not show biologically significant
vitellogenin induction. Smallmouth bass were not included in this experiment because
of the inability to obtain qPCR data from the kinetics experiment in reference to the
house-keeping gene 18s and the target gene vitellogenin.
Discussion
Morphology and Viability Experiment
Rainbow trout hepatocytes were successfully cultured in the morphology and
viability experiment (Fig. 3). The average viability indicated mitochondrial reductase
activity, as seen by higher OD readings. The mitochondrial reductase activity did
decrease over time and decreased differently depending on which media was used to
culture the cells. Cells cultured in L-15 had the highest average viability so it follows
that it was an appropriate media to culture the cells for the kinetics and POCIS assays.
Other laboratories have also used L-15 to successfully culture rainbow trout
hepatocytes (Kim and Takemura, 2003; Klaunig et al., 1985; Tollefsen et al., 2003;
Schreer, 2005).
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The initial isolations of smallmouth bass yielded large cell counts in all three
media, with L-15 allowing for the largest amount of viable cells recovered. Previous
work at the University of Florida attempted to isolate smallmouth bass hepatocytes
specifically for in vitro estrogenicity screening; however their isolation was
unsuccessful (C. Bowman, personal communication). Although we did isolate
smallmouth bass hepatocytes using an established teleost hepatocyte technique in this
study, the cells had reduced viability compared to rainbow trout according to the
MTT assay. The cells did not adhere and establish a monolayer of cells within a few
days of culture as shown by the digital pictures (Fig. 2). These results were surprising
as the isolation looked promising.
L-15 supported smallmouth bass hepatocytes the best out of the three media
we selected for our study however cellular adherence, cell viability, and cellular
resilience were not as expected. Klaunig et al. (1985) showed that primary cell
cultures of hepatocytes from fish are viable no more than 7 days in culture. Problems
in retrieving functionally viable cells could be caused by an alteration from the ideal
media composition, which has been linked to changes in cellular ion balance (Moor et
al., 2000), decreased cell growth rate (Zhou et al., 1997), reduced cellular metabolism
(Takagi et al., 2000), activation or deactivation of cellular signaling (Lezama et al.,
2005) and alterations in cellular gene expression (Wu et al., 2004). Hepatocyte
adherence can be enhanced by prior coating of the culture plates with an extracellular
matrix (ECM) but is not required (Maitre et al., 1986). Coating has been shown to be
successful using different types of matrices such as collagen (Kocal et al., 1988),
fibronectin (Hayashi and Ooshiro, 1985), and fish skin extract (Blair et al., 1990) in
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conjunctions with using media supplemented with fish serum, but not fetal bovine
serum. We suggest matrix technology and more specific culturing parameters to be
implemented in future attempts to isolate smallmouth bass hepatocytes.
Kinetics Experiment
Rainbow trout male and female hepatocytes were successfully used in the
kinetics assay. The female rainbow trout hepatocytes exposed to 17- β estradiol
showed induction levels of vitellogenin similar to values previously reported by
Schreer et al. (2005). Although vitellogenin was only induced during exposure to the
high concentration of 17- β estradiol in male fish, it has been seen in other laboratory
settings. Okoumassoun et al. (2002) exposed hepatocytes from male rainbow trout to
17- β estradiol and found vitellogenin induction at exposure levels as low as 0.1nM.
Marlatt et al. (2006) showed a distinct increase in vitellogenin production over
increasing concentrations (0.1nM to 1000nM) of exposure to 17- β estradiol.
From the RNA extractions of the isolated smallmouth bass hepatocytes, we
saw very low yields of RNA, which has also been seen by other laboratories
conducting similar experiments (L. Robertson, personal communication). The
extracted RNA, as little as 4ng/40µL sample, either did not yield cDNA or did not
yield enough to use as a template in qPCR so that neither the 18s nor the vitellogenin
gene could be amplified to detectable levels. Primers are sensitive to the annealing
temperature during qPCR, and this is why primer optimization is an important step in
designing primers. Annealing temperature is one of the most important parameters in
qPCR, so to check that the qPCR protocol was correct we tried 3 different annealing
temperatures (55ºC, 58 ºC, and 60 ºC), however we still saw no smallmouth bass 18s
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or vitellogenin being amplified. To date, other laboratories have used enzyme-linked
immunosorbent assays (ELISA) to measure vitellogenin levels in the plasma of
smallmouth bass (Anderson et al., 2008; Guevel and Pakdel, 2001). Other methods to
detect vitellogenin in smallmouth bass used extracted RNA from hepatocyte
aggregates to perform dot blots to detect radio-labeled vitellogenin (Guevel and
Pakdel, 2001) and qPCR performed on homogenized whole liver samples (Biales et
al., 2007).
POCIS Experiment
The results of the POCIS study conducted with female rainbow trout indicate
that there were no statistically significant differences in estrogenic activity of POCIS
collected in 2005 and 2006. In both sampling years, the samples that showed
induction all had lower levels of induction or only slightly higher levels than the
negative controls, therefore, background subtraction would put the sample induction
levels at or near zero. Additionally, looking at the cycle threshold reported in the
results for both years, amplification that shows up above CT=35 is generally
considered non-specific amplification, so we could not with absolute certainty
attribute the values specifically to vitellogenin induction. These factors indicate that
the vitellogenin induction measured by qPCR in the female rainbow trout hepatocytes
was not significant. Male rainbow trout hepatocytes indicated no induction of
vitellogenin upon exposure to the extracts. Although we saw no vitellogenin
induction, male hepatocytes are known to produce vitellogenin when exposed to
WWTP effluent as seen by Purdom et al. (1994).
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Overall results of this study indicate that using qPCR to detect induction of
vitellogenin in primary cell culture hepatocytes is not the best or most sensitive
method for the low concentrations of the chemicals found in our POCIS extracts
(Table 4). Detection methods of vitellogenin in primary cell cultures of fish
hepatocytes currently include ELISAs (Rankouhi et al., 2002, Okoumassoun et al.,
2003)), slot blot analysis (Fluoriet et al., 1993) and radioimmunoassays (Fluoriet et
al., 1993). Quantitative PCR is typically used in in vivo studies rather than in vitro
(Biales et al., 2007; Hogan et al., 2008), and stimulation of whole fish with E2 was
found to induce vitellogenin protein production up to 1000-fold higher than the
vitellogenin mRNA transcript (Thomas-Jones et al., 2003). Fluoriet et al. (1993)
found that rainbow trout hepatocytes in monolayer did produce vitellogenin mRNA
from days 1-8 as measured by slot blot analysis. Huggett et al. (2003) found that the
BLYES assay severely underestimated the estrogenic potential of WWTP effluent
when compared to in vivo exposures of male Japanese medaka (Oryzias latipes).
Rutishauser et al. (2004) also found the BLYES assay to be 2 to 3-fold less sensitive
than hepatocyte in vitro methods. Male fish primary hepatocytes have repeatedly been
used successfully for the detection of estrogenicity of wastewater effluent (Anderson
et al., 1996; Gagne and Blaise, 1998; Jobling and Sumpter, 1993; Pelissero et al.,
1993; Segner et al., 2003). Surfactants found in wastewater effluent have also been
found to be weakly estrogenic to fish (Jobling and Sumpter, 1993). Although
significant differences in vitellogenin induction have been seen in rainbow trout
hepatocytes upon exposure to water samples from upstream and downstream of
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wastewater treatment plants, qPCR is not used often to measure in vitro vitellogenin
induction.
Future Considerations
First and foremost, we suggest exploring options for optimizing the culturing
technique for smallmouth bass hepatocyte. Isolation and culture of hepatocytes is
very specific and each step should be optimized for the individual species of fish. We
think that two of the main components that reduced smallmouth bass hepatocyte
viability were growth medium composition and cellular adherence. There are many
factors that lend to the optimization of a culture medium, such as amino acid
supplementation, ideal serum concentration and type, osmolality, buffering agents,
and the addition of other growth factors, not to mention the base medium itself. Also,
cellular adherence is of primary importance when cells are trying to create a
monolayer in vitro. Smallmouth bass hepatocytes may be more inclined to attach and
grow in the presence of an ECM as well as supplementing the incubation media with
charcoal-stripped smallmouth bass serum rather than charcoal-stripped fetal bovine
serum. Further research into the optimum medium composition for smallmouth bass
hepatocytes would help to create ideal culturing conditions allowing for the use of
these hepatocytes for in vitro experiments.
Our second recommendation is to use fish within previously determined size
and age limits that have successfully shown vitellogenin induction after exposure to
wastewater effluent. Typically, juvenile males and females are used. This indicates
that during critical developmental windows, younger fish are more sensitive to
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estrogenic compounds found in wastewater effluent and vitellogenin can be induced
more easily.
A third possibility is if the isolation technique is optimized to yield more
viable smallmouth bass hepatocytes but still yielded low RNA levels, one remedy
could be the amplification of the RNA itself prior to cDNA synthesis. It is believed
(and becoming a common practice) that this is a proper method for successful cDNA
synthesis, thereby giving a template for successful qPCR.
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Table 1: Polar Organic Chemical Integrative Sampler Extract Key
Sample
No.

Identification

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

Solvent Control
POCIS Control
Upper Conococheague Field Blank
Lower Conococheague Field Blank
Upper Monocacy Field Blank
Lower Monocacy Field Blank
Blue Plains Field Blank
Upper Conococheague POCIS
Lower Conococheague POCIS
Upper Monocacy POCIS
Lower Monocacy POCIS
Blue Plains POCIS
Solvent Control
POCIS Control
NFHRL Field Blank
Lower Conococheague Field Blank
Lower Monocacy Field Blank
Upper Conococheague Field Blank
NFHRL POCIS
Lower Conococheague POCIS
Lower Monocacy POCIS
Upper Conococheague POCIS
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Table 2: Applied Biosystems cDNA synthesis Master Mix
Formulation
Reagent

Volume per Tube (µL)

10X RT Buffer

2

25X dNTP Mix
(100mM)
10 RT Random Primers

0.8

Multiscribe™ Reverse
Transcriptase

1

RNase Inhibitor

1

Nuclease –free Water

3.2

Total Volume per
Reaction

10

2
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Table 3: Applied Biosystems Real-time PCR SYBR Green Master Mix Formulation
Reagent

Volume per Reaction (µL)

2X SYBR Green PCR
Mix

5

10mM Forward Primer

0.5

10mM Reverse Primer

0.5

Nuclease-free Water

4

Total Volume per
Reaction

10
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Image credit: L. Gerlich, USFWS

Figure 1: Map of Fall 2005 and Spring 2006 POCIS deployment experimental sites
on the Monocacy River and Conococheague Creek and control sites at the USGS
National Fish Health Research Laboratory, Leetown, WV and Blue Plains,
Washington, D.C.
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a)

b)

c)
Figure 2: Smallmouth bass hepatocytes in culture in a) L-15, b) William’s Medium E,
and c) Opti-MEM.
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a)

b)

c)
Figure 3: Rainbow trout hepatocytes in culture in a)L-15, b)William’s Medium E, and
c)Opti-MEM.
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Figure 4: Boxplot of ratios (Vitellogenin/18s) of 2005 POCIS samples. UC=Upstream
of WWTP on Conococheague Creek; LC=Downstream of WWTP on Conococheague
Creek; UM=Upstream of WWTP on Monocacy River; LM=Downstream of WWTP
on Monocacy River; BP=Blue Plains; FB=Field Blank; Error bars represent standard
error of the mean.
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Figure 5: Boxplot of ratios (Vitellogenin/18s) of 2006 POCIS samples. UC=Upstream
of WWTP on Conococheague Creek; LC=Downstream of WWTP on Conococheague
Creek; UM=Upstream of WWTP on Monocacy River; LM=Downstream of WWTP
on Monocacy River; NFHRL=National Fish Health Research Laboratory, Leetown
Science Center; FB=Field Blank; Error bars represent standard error of the mean.
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